Background: Volume overload (VO) of isolated mitral regurgitation (MR) or aortocaval fistula (ACF) is associated with extracellular matrix degradation and cardiomyocyte myofibrillar and desmin breakdown. Left ventricular (LV) chymase activity is increased in VO and recent studies demonstrate chymase presence within cardiomyocytes. Here we test the hypothesis that chymase within the cardiomyocyte coincides with myosin and desmin breakdown in VO. Methods and results: Aortocaval fistula (ACF) was induced in Sprague Dawley (SD) rats and was compared to age-matched sham-operated rats at 24 hours, 4 and 12 weeks. Immunohistochemistry (IHC) and transmission electron microscopy (TEM) immunogold of LV tissue demonstrate chymase within cardiomyocytes at all ACF time points. IHC for myosin demonstrates myofibrillar disorganization starting at 24 hours. Proteolytic presence of chymase in cardiomyocytes is verified by in situ chymotryptic tissue activity that is inhibited by pretreatment with a chymase inhibitor. Real-time PCR of isolated cardiomyocytes at all ACF time points and in situ hybridization demonstrate endothelial cells and fibroblasts as a major source of chymase mRNA in addition to mast cells. Chymase added to adult rat cardiomyocytes in vitro is taken up by a dynamin-mediated process and myosin breakdown is attenuated by dynamin inhibitor, suggesting that chymase uptake is essential for myosin breakdown. In a previous study in the dog model of chronic MR, the intracellular changes were attributed to extracellular effects. However, we now demonstrate intracellular effects of chymase in both species. Conclusion: In response to VO, fibroblast and endothelial cells produce chymase and subsequent cardiomyocyte chymase uptake is followed by myosin degradation. The results demonstrate a novel intracellular chymase-mediated mechanism of cardiomyocyte dysfunction and adverse remodeling in a pure VO.
Introduction
The volume overload (VO) of isolated mitral regurgitation (MR) or aortocaval fistula (ACF) is a pure stretch on the myocardium coupled with a facilitated LV ejection into the left atrium or ACF. Chronic pure VO results in LV dilatation that is associated with a loss/breakdown of extracellular matrix (ECM) and is exacerbated by the antifibrotic effects of renin-angiotensin system blockers [1, 2, 3, 4, 5] . In addition to an increase in mast cells in VO, we have demonstrated fibroblast production of chymase that results in intracellular autophagic breakdown of procollagen and fibronectin in the rat [6] . There is also a concomitant breakdown of cardiomyocyte myofibrils and the major intermediate filament desmin [7, 8, 9] . Thus, extracellular and intracellular structural protein breakdown is the underpinning of cardiomyocyte elongation and thinning that translates to LV spherical dilatation and wall thinning.
The serine protease chymase is upregulated in the pure VO of MR in the dog [1, 10, 11] , ACF in the rat [4, 5, 6] and mouse [12] , and in the human MR left atrium with left-sided heart disease and MR [13] . Chymase is a highly efficient Angiotensin II (Ang II)-forming enzyme, but its multifunctional protease actions lead to activation of MMPs, IL-6, IL-1b and kallikrein, in addition to digestion of fibronectin and laminin [14] . All of these effects in VO have been attributed to chymase's extracellular actions. However, identification of chymase within human left atrial myocytes in left-sided heart disease [13] and in the dog with ischemia reperfusion injury [15] has opened up an entirely new possibility for chymase's destructive protease actions within the cardiomyocyte.
Largely thought to be the product of mast cells, the identification of other cellular sources including cardiac fibroblasts and vascular endothelial cells demonstrate the potential for a more widely dispersed chymase production and distribution in various tissues. However, intracellular cardiomyocyte targets and activity are unknown and whether the cardiomyocyte produces chymase remains an open question.
Further, the multiple rodent b-isoforms of rat mast cell proteases (rMCP) that degrade Ang II, in addition to the Ang II-forming a isoform, confound the direct clinical application to the human in which there is only the a-isoform [16] . We chose to focus on rMCP-2 due to its sequence homology to rat smooth muscle chymase which is largely Ang II generating [17] . Thus, in the current investigation, we address these questions using in vivo and in vitro approaches to demonstrate that during VO, multiple cellular sources of rMCP-2 in addition to mast cells result in an increase in intracellular cardiomyocyte rMCP-2 and myosin breakdown.
Methods

Animal preparation
Adult male Sprague-Dawley rats (200e250 g) at 12 weeks of age were subjected to either sham or ACF surgery as described previously in our laboratory [3, 4, 5, 6, 7, 8] . The animal use in these studies was approved by the University of Alabama at Birmingham Animal Resource Program (Protocol 130409070). The dog LV tissue utilized in this study was obtained from mongrel dogs (19e26 kg) who underwent induction of mitral regurgitation (MR) by closed chest mitral valvular chordal rupture as previously described in our laboratory [18] . Dogs had 4 months of untreated MR or 4 months of MR treated with chymase inhibitor (CI) (4-{1-[(4-methylbenzo [6] thiophen-3-yl)methyl]benzimidazole-2-ylthio}butanoic acid, TEI-F00806; Teijin Pharma Ltd, Tokyo, Japan, at a dose of 100 mg/kg PO twice daily) [18] that was started 24 hours after MR induction.
Isolation of rat LV cardiomyocytes
Cardiomyocytes were isolated from sham and ACF rats as described previously in our laboratory [6, 7] . Briefly, hearts were perfused with perfusion buffer (120 mM NaCl, 15 mM KCl, 0.5 mM KH 2 PO 4 , 5 mM NaHCO 3 , 10 mM HEPES, and 5 mM glucose, pH 7.0) for 5 minutes and digested with perfusion buffer containing 1 mg/mL collagenase II (Invitrogen, Carlsbad, CA) for 30 minutes at 37 C. The right ventricle, atria and apex were removed before the perfused-heart was minced. The digestion was filtered, washed, and cells were pelleted. Only samples with >80% viability (indicated by healthy rod-shaped cells) were used.
Immunohistochemistry
Rat hearts were immersion-fixed in 10% neutral-buffered formalin and paraffin embedded. Sections (5 mm) were mounted on þ slides, deparaffinized in xylene, and rehydrated in a gradient series of ethanol. Sections used for fluorescent imaging were blocked with 5% goat serum and 1% bovine serum in phosphate buffered saline, and incubated overnight at 4 C with the following primary antibodies:
rMCP-2 mouse monoclonal line 3F4. 
Immunogold transmission electron microscopy
Immunogold electron microscopy was used to detect the localization of chymase at the ultrastructural level. The LV tissue pieces were submerged in 0.5% glutaraldehyde/3% paraformaldehyde in cardioplegic buffer (5% dextrose, 30 mM potassium chloride in phosphate buffered saline (PBS)), further fixed in the same fixative in cacodylate buffer, incubated in 0.1M glycine/PBS, dehydrated in series of N,Ndimethyl formamide, and embedded in LR White resin. Ultrathin (90 nm) sections [8] were picked up on nickel grids (3 mm), dried, and etched in a 3% solution of sodium m-periodate in 0.1N HCl 2 times for 30 minutes. Before immunolabeling, grids were rinsed 3 times in PBS and blocked for 1.5 hours with 1% BSA/1% goat serum/0.1% cold water fish skin gelatin/0.1% tween-20 in PBS. Grids were incubated with the rMCP-2 rabbit polyclonal antibody, diluted 1:25 with 1% BSA/ PBS for 2 hours at room temperature and then overnight at 4 C. The grids were rinsed with PBS 4 times, blocked in 1% BSA/1% goat serum in PBS 1.5
hours, and incubated (at room temperature for 2 hours) with goat anti-rabbit immunoglobulin G tagged with colloidal gold (10-nm particle size, diluted 1:50 with 1%
BSA/PBS) (Aurion/Electron Microscopy Sciences). Sections were post fixed, counterstained with uranyl acetate and viewed on a FEI-Tecnai T12 Spirit 20 electron microscope at 120 kv.
Enzyme histochemistry
In situ chymotryptic-like activity staining was performed on rat LV tissue as previously described with the following modifications [19, 20] to 50 mM Tris-Cl pH 7.5 (Fisher), 40 mM NaF (Acros Organics), and 1% Triton X-100 (Fisher) and allowed to stir for 2e3 minutes until a dark blue color appeared.
The solution was filtered and used immediately.
In situ hybridization
The expression of rMCP-2 mRNA (rMcpt2) in the left ventricles of ACF rats was detected by in situ hybridization. 
mRNA quantitation by RT-PCR
Total RNA of isolated rat cardiac cardiomyocytes was extracted from 3, 24 hour, 4 and 12 week sham and ACF rats using RNeasy Mini Kit (Qiagen, #74106) as previously described [6] . Briefly, mRNA transcripts of chymase were evaluated by real time RT-PCR using Assay-On-Demand primer mix of rMcpt2 (rMcpt2, rat mast cell protease 2, assay ID: Rn00756479_g1). Ribosomal protein, large, P0 (Rplp0; assay ID: Rn00821065_g1) was used in parallel as an internal control. TaqMan One-Step RT-PCR reactions were performed in 20 ml final volumes containing 5 ml (10Â dilution of stock) of RNA sample, AmpErase UNG (2Â, 10 ml), MultiScribe reverse transcriptase and RNase inhibitor (40Â, 1 ml), primers and probe (20Â, 1 ml), and RNase-free water (3 ml). Quantitative real-time PCR was performed using the ABI PRISM 7500 sequence detection system. rMcpt2 mRNA levels relative to sham were calculated using the DDCt method.
Chymase uptake and myosin breakdown in adult rat cardiomyocytes
Adult rat cardiomyocytes were plated on laminin. The medium was replaced with serum-free medium containing either 0.1% DMSO (vehicle control) or 30 mM Dyngo-4a (Selleckchem, MA) and incubated in a 37 C tissue-culture incubator for 30 minutes. Recombinant human chymase (2.5 mg/ml, Sigma-Aldrich, MO) or transferrin-Alexa 594 (5 mg/ml, Life Technologies, OR) was added to the medium and incubated for an additional 2 hours at 37 C. The cells were chilled on ice, and washed three times with PBS, then PBS þ 0.5M NaCl, and 3 final PBS washes, and then fixed with 4% paraformaldehyde in PBS for 30 minutes. The uptake of recombinant human chymase was identified with the human chymase antibody (1:50, Abcam ab2377) with the appropriate secondary antibody Alexa Fluor-594 (1:700, Invitrogen). A separate cohort were lysed in RIPA buffer containing Halt protease inhibitor cocktail (PIERCE), and separated on a NovexÔ 6% Tris-glycine gel (Invitrogen) under reducing conditions. Proteins were transferred to a PVDF membrane and probed with myosin heavy chain antibody (1:100, DSHB MF-20) and HRP conjugated secondary antibody (GE Healthcare) then developed with Supersignal West Dura Substrate (PIERCE). Equal loading was confirmed by colloidal blue staining (Invitrogen).
Development of the rMCP-2 antibodies
In previous studies, we focused on rMCP-2 (referred to as chymase from hereon)
since it is the most closely related to an Ang II generating rat chymase, vascular smooth muscle chymase [17] . In addition, analysis of a rat mast cell line, RBL-2H3, revealed that degranulation of these cells and analysis of the supernatant by mass spectrometry resulted in 2 major products released, rat mast cell protease 2 (rMCP-2; chymase; w27 kD) and actin (43 kD) (Fig. 1) . Rat MCP-2 polyclonal and monoclonal antisera were developed using a rMCP-2 peptide immunogen (CWGKTGVRDPTSYTLR) which was synthesized and conjugated to two proteins, BSA and KLH. The N-terminal C was added for conjugation of the peptide. The peptide synthesis, conjugation to carrier proteins, and antibody development was performed by Bio-synthesis, Inc. (Lewisville Texas). Twenty eight antibodies were developed by the Hybridoma Cores Facility at UAB, and after further analysis, clone 3F4.5 and a rabbit polyclonal was selected. Immunoabsorption of 3F4.5 and the rabbit antibody with the rMCP-2 peptide blocked staining in an immunohistochemistry experiment. Western blot confirmed that the 3F4.5 mouse monoclonal antibody and the rabbit polyclonal antibody recognized the intact recombinant rMCP-2 protein (Cusabio Technology, Inc., Houston, TX) and did not cross react with rMCP-1, rMCP-4 or purified human chymase (Fig. 2 ).
Extraction of tissue chymase
A modified extraction method [21, 22] was used to isolate tissue chymase. Briefly, frozen tissue from the LV mid-wall (freshly isolated 2e3 mm 3 pieces, snap frozen in liquid nitrogen and stored at À80 C) was ground up under liquid nitrogen using a mortar and pestle. 10e20 mg of ground tissue was homogenized in 1 mL of ice cold low salt buffer (10 mM Tris-Cl, pH 8.0, 1 mM EDTA containing enzyme inhibitors e see Table 1 ) then subjected to a freeze (liquid nitrogen for 2 minutes)/thaw (37 C water bath for 4 minutes) cycle five times to break up cells and tissue compartments.
The lysate was centrifuged at 16,000 Â g for 30 minutes (4 C) and the supernatant discarded. The pellet was re-suspended in 1 mL of ice cold low salt buffer and incubated on a rotator for 3 hours at 4 C. The lysate was centrifuged at 10,000 Â g for 30 minutes (4 C) and the supernatant set aside (low salt extract). The pellet was re- suspended in 1 mL of ice cold high salt buffer (100 mM Tris-Cl, pH 8.0, 1 mM EDTA, 2M NaCl þ enzyme inhibitors -see Table 1 ) and incubated on a rotator for 16 hours at 4 C. The lysate was then centrifuged at 10,000 Â g for 30 minutes (4 C) and the supernatant removed (high salt extract) to a separate tube for measurement of chymotryptic activity. Only the high salt extract has chymotryptic activity (data not shown).
Chymotryptic assay
Chymotryptic enzyme activity was measured in 0.2 mL of high salt extract (containing enzyme inhibitors in Table 1 ) with the addition of the fluorescent substrate N-Succinyl-Ala-Ala-Pro-Phe-7-amido-4 methylcoumarin at a final concentration of 10 mM (Sigma S9761 e stock solution 7.55 mM or 5 mg/mL dissolved in DMSO). High salt extracts and fluorescent chromophore standards of 7-Amino-4-methylcoumarin (Sigma A9891 e stock of 10 mM dissolved in DMSO; standards were made up in high salt buffer) were run in duplicate on the SpectraMax i3x (Molecular Devices) in a 96-well kinetic plate assay for 1 hour (1 minute interval reads) at 37 C with an excitation spectrum of 360 nm and emission of 460 nm. To validate chymase specific activity, a separate duplicate containing 50 mM of TEI-F00806 or 50 mM of chymostatin (Sigma C7268) was run in parallel (data not shown). Protein concentration in high salt extracts was quantified with the CB Protein Assay kit (G Biosciences 786-012) with bovine serum albumin (BSA) as the standard. BSA standards were diluted in the same high salt buffer containing enzyme inhibitors. Chymotryptic activity was expressed as fmol/mg/min. 
Statistical analysis
All data were presented as mean AE SEM (standard error of mean). Spearman correlation analyses were performed to examine linear relationships between LV chymotryptic activity and echocardiographic dimensions using SAS version 9.4 (SAS Institute Inc., Cary, NC, USA). An unpaired Student's t-test was used to compare age-matched shams versus ACF rMcpt2 transcripts and western blot of myosin:-GAPDH. A p value of less than 0.05 was used for statistical significance.
Results
Increased chymase within cardiomyocyte with VO
Previous studies have demonstrated significant LV dilatation in ACF rat hearts at the 4 and 12 week LVs with myofibrillar degeneration and desmin loss [7, 8] . There is a marked increase in rMCP-2 (chymase) within LV cardiomyocytes and interstitial cells (white box) at 24 hours of ACF by immunohistochemistry (IHC) along with a patchy breakdown of desmin versus sham rats [8] that persists at 4 and 12 week ACF (Fig. 3) . Sham animals did not exhibit loss of desmin at any time point (Fig. 4) and a representative sham at 4 weeks is shown in Fig. 3 . In addition, LV chymotryptic activity is related to the extent of LV dilatation measured by echocardiographic LV end-diastolic dimension or end-diastolic volume (Fig. 5 ). sarcomere, mitochondria (mito) and nucleus (box) as indicated by the IHC image LVs in Fig. 3 .
Transmission electron microscopy (TEM) immunogold labeling of chymase in cardiomyocyte
In situ chymase activity in LV tissue with VO
Activity of chymase within cardiomyocytes is verified by in situ chymotryptic activity where chymase-like activity is identified by diffuse blue dots in a 4-week sham (Fig. 7A ) versus a 4-week ACF rat (Fig. 7B) . The blue dots can be seen between the striations of the representing z discs associated myofibrils as seen in the TEMs in Fig. 6 . The increased chymotryptic activity is prevented by pretreatment with the specific chymase inhibitor (C). Fig. 7D demonstrates an LV cross-section with an intensely stained degranulating mast cell with staining in the adjacent 
Chymase production by endothelial cells and fibroblasts with VO
In situ hybridization of 4-week ACF LV cross section demonstrates chymase mRNA (anti-sense) located in interstitial cells and in endothelial cells (Fig. 8A ) with negative in the control (Fig. 8B, LVs shows low levels and no increase in rMCP-2 mRNA (Fig. 8E) . However, endothelial cells and fibroblasts may contribute to the chymase mRNA, thereby further supporting in situ hybridization results in which there is little to no cardiomyocyte chymase mRNA.
Myofibrillar breakdown and myosin fragmentation in ACF
Myofibrillar breakdown has been reported in the human with chronic isolated MR [9, 23] and in the dog [18] with experimentally-induced chronic MR by hematoxylin and eosin staining and transmission electron microscopy. Fig. 9 demonstrates a sarcomeric registry of myosin (red) between z-discs defined by desmin (green) in the 4-week Sham rat. There is no difference in Sham animals at 24 hours, 4 or 12 weeks LV chymotryptic activity (fmol/mg/min) is related to the extent of LV dilatation measured by LV enddiastolic (ED) diameter and LVED volume. Blue shading represents the 95% confidence intervals.
( Fig. 10) . Coincident with cardiomyocyte chymase infiltration in ACF (Fig. 3) , there is a corresponding loss of myosin and desmin staining starting at 24 hours and persisting at 4 and 12 weeks of ACF (Fig. 9 ). In addition, myosin is significantly decreased in 4-week ACF versus sham animals by western blot (Fig. 11 ).
3.6. Chymase uptake and myosin degradation in isolated adult rat cardiomyocytes Fig. 12 shows human chymase uptake by cardiomyocytes (Fig. 12A, middle panel) that is attenuated by pretreatment with Dyngo-4a (30 mM) (Fig. 12A, far right panel) .
The Dyngo-4a pretreatment blocks transferrin uptake by transferrin receptor (control), a receptor known to require dynamin for uptake (Fig. 12B) . The results illustrate that chymase is rapidly taken up by cardiomyocytes through a dynaminmediated endocytic process. Dyngo-4a pretreatment results in an attenuation of myosin breakdown (Fig. 12C ) and is consistent with the hypothesis that chymase uptake is in part required for myosin breakdown.
Chymase inhibition prevents myosin breakdown in the dog with chronic isolated MR
We have previously reported that chymase inhibition prevents myofibrillar breakdown in the dog with four months of isolated MR [18] . As in the rat with ACF (Fig. 3) , in Fig. 13 there is an increase in cardiomyocyte chymase and desmin breakdown within dog MR cardiomyocytes versus normal (NL) best demonstrated in the chymase alone images (right panels). Fig. 14 demonstrates that breakdown of desmin and myosin in the untreated MR dog heart is attenuated by treatment with an oral chymase inhibitor (CI) for 4 months after induction of MR.
Discussion
The current study demonstrates the extensive presence of chymase within cardiomyocytes early and throughout the course of a pure VO and addresses questions regarding its source as well as its potential role in mediating myofibrillar breakdown and adverse remodeling of the cardiomyocyte and LV in a pure VO. Chymase has many proteolytic functions that mediate acute tissue injury and chronic remodeling that have been largely attributed to its actions in the extracellular space due to mast cell activation and degranulation [14] . In this study, we demonstrate extensive rMCP-2 within cardiomyocytes during VO that starts as early as 24 hours and persists at later stages of 4 and 12 weeks. TEM immunogold demonstrates rMCP-2 associated with myofibrils and within the z-disc, mitochondria, and nucleus of VO cardiomyocytes.
In situ hybridization demonstrates that endothelial cells and fibroblasts, in addition to mast cells, are a source of rMCP-2 mRNA. Real-time PCR of isolated adult rat cardiomyocytes produce little rMCP-2 mRNA, some of which may have been due to the inability to completely exclude endothelial cells and fibroblasts from the purification. This is consistent with our previous work in VO of stretched cardiac fibroblasts [6] and chymase mRNA production from endothelial cells and other interstitial cells in the failing human heart [24] .
In situ chymotryptic activity allowed for an examination of chymase/chymotrypticlike activity within intact cardiomyocytes without disrupting the compartmentalization of chymase. The in situ images demonstrate chymotryptic activity within VO cardiomyocytes that is most intense in cardiomyocytes adjacent to chymase abundant mast cells and blocked by pretreatment with a chymase inhibitor. Figs. 3, 6 , and 7 suggest a movement of chymase into cardiomyocytes during ACF with intracellular function manifested by in situ chymotryptic activity. Our in situ hybridization results further support the contention that the increased cardiomyocyte chymase is largely due to uptake from adjacent fibroblasts, endothelial cells and mast cells rather than de novo cardiomyocyte synthesis.
We have examined the effects of adding human chymase to HL-1 cells [15] , adult rat and cardiac fibroblasts [6] . In HL-1 cells, we have shown that entry of active chymase results in NR4 translocation from nucleus to cytoplasm, mitochondrial damage and breakdown of myosindall of which are attenuated by a dynamin inhibitor that prevents chymase uptake [15] . Many of these functional effects of chymase in vitro are prevented by chymase inhibition in I/R [15] or MR [18] dogs in vivo. In the adult rat cardiac fibroblast [6] , chymase is again internalized through a dynamin-dependent mechanism and leads to an increased formation of autophagic vacuoles, LC3-II production and autophagic flux, resulting in increased procollagen degradation [6] . Cyclical stretch of fibroblasts induces the same autophagic-mediated procollagen degradation that is prevented by pretreatment with chymase inhibitor [6] . Here we demonstrate an increase in chymase within the rat cardiomyocytes concomitant with myosin breakdown, both of which are attenuated by pretreatment with a dynamin inhibitor. In another study, a chymase inhibitor (chymostatin) and Ang-(1e12) dialyzed into an adult rat cardiomyocyte prevented the subsequent effect on potassium currents. This treatment is also prevented when an AT 1 receptor blocker is delivered with Ang-(1e12)
intracellularly, but not when added extracellularly, supporting an intracellular chymase-mediated Ang II/AT 1 receptor activation process [25] . Taken together, these studies demonstrate physiological effects that are linked to chymase actions in the cardiomyocyte.
There are limitations for testing currently available chymase inhibitors in a clinically relevant fashion in rodent models in vivo. The human has only one a-chymase isoform which has served as the platform for design of multiple available chymase inhibitors [26] . Mouse and rat mast cells have a-chymase and multiple b-chymase isoforms that both form and degrade Ang II [17, 27] . A total of 10 rat mast cell proteases have been cloned and four of the ten (rMCP-1, rMCP-2, rMCP-3, rMCP-4) display chymotryptic activities that differ in exact substrate specificity [28, 29, 30, 31] . The functional heterogeneity among rodent b-chymases suggests that they are not redundant proteases but serve distinct roles in mast cell biology and immunity. Although rMCP-1 and rMCP-2 have chymotryptic activity, both cleave at phenylalanine and tyrosine residues efficiently [32, 33] and therefore could potentially degrade Ang II to Ang-(1e4) when Ang II is formed. Furthermore, rMCP-2 has distinct chymotryptic substrate specificities to cell adhesion and cell junction molecules that regulate intestinal permeability via cleavage of occludin, protocadherin alpha 4 and cadherin 17 [33] . Thus, in the rat there are many other targets of the multiple rMCPs that can influence tissue remodeling apart from Ang II formation.
To circumvent the obstacle of b-chymases with their numerous and varied substrate specificity characteristics and achieve greater clinical relevance, we have studied MR in the dog which has a single a-chymase similar to the human and lacks a b-chymase. After 4 months of MR, chymase inhibition results in a significant decrease in LV MMP activation and fibronectin degradation, restoration of the focal adhesion complex, and reduction of myofibrillar loss, resulting in improved LV systolic function and isolated cardiomyocyte shortening [18] . At the time, we attributed these effects to an inhibition of interstitial chymase activity that starts with degradation of fibronectin and disruption of the focal adhesion complex leading to increased sarcomere disorganization and myofibrillar degeneration [18] . Indeed, chymase added to adult dog cardiomyocytes disrupts the focal adhesion complex [15] and a mouse conditional knockout of FAK results in a similar LV dilatation with cardiomyocyte elongation, wall thinning and myofibrillar breakdown [34] . However, reevaluation of our MR dog hearts now demonstrates a similar large presence of chymase within LV cardiomyocytes with desmin and myosin breakdown that is prevented by chronic chymase inhibition. Taken together, our current in vivo and in vitro results in the rat and dog support a potential combined outside and inside chymase-mediated mechanism in the cytoskeletal and myofibrillar breakdown with VO.
This study although descriptive in nature along with the inherent problem of multiple b-chymase isoforms in the rodent nevertheless raises interesting questions regarding the intracellular function of chymase that, in addition to Ang IIforming capabilities, also includes multiple destructive protease actions both outside and within the cardiomyocyte [14] . The identification of cellular sources other than mast cells, including cardiac fibroblasts and vascular endothelial cells, demonstrates a more widely dispersed production and distribution system to the cardiomyocyte that also accounts for its relatively high protein abundance in human heart tissue (about 1.3 mg/g) [35] . The clinical relevance is further reinforced by chymase upregulation in the human myocardial infarction heart, vulnerable atherosclerotic plaque, aortic aneurysm, atherosclerosis, and diabetic kidney [14] . Further studies in the human are required to document the intracellular location and function of chymase and its other targets in mediating tissue injury and remodeling. Understanding these chymase functions may address the "residual risk" in clinical trials of cardiovascular disease using conventional renin-angiotensin system blockade [36] .
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